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Abstract 
 
 Because of the highly devastating effects of retinal degenerative 
diseases, the study of mechanisms of vision loss is imperative.  Age-related 
macular degeneration (AMD) is the leading causes of blindness in the elderly.  
In this study I examined how extreme light exposure, which causes light stress 
in rodents, affects the visual and retinal function of 3 strains of mice.  I 
hypothesized that, three strains of mice, C57BL/6J, ALR/Lj and BALB/c, 
would all show significant changes in visual and retinal function.  I used 
behavior testing to assess visual acuity and contrast sensitivity as well as 
electroretinogram (ERG) recordings to assess retinal function.  I found that 
BALB/c mice, an albino strain, exposed to intermittent white light had the 
greatest impact on both visual and retinal function.  Intermittent blue light also 
impaired vision in the BALB/c mice strain but to a lesser extent.  I did not 
detect any change in C57BL/6J or ALR/Lj regardless of the exposure.  These 
studies indicate that timing, duration, intensity and color of the extreme light 
exposure, as well as the strain of mice are all important factors mediating light 
induced vision loss. 
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Chapter 1: Introduction 
 
Aims and Objectives 
 
 Age-related macular degeneration (AMD) is a leading cause of 
blindness in the elderly in the U.S.  Little is known about its origins but 
speculation leads to links between genetic and environmental factors.  An 
environmental factor contributing to AMD is thought to be light stress. It is 
believed that severe light stress mimics the path of AMD over a shortened 
time period.  Thus, mice treated with extreme light may provide a valuable 
tool in determining the mechanisms behind retinal diseases (Organisciak et al., 
2001).  My project has two aims: 
Aim 1: Learn two noninvasive techniques for assessing mouse vision; 
Optomotor Behavior and electroretinograms (ERG). 
 
Hypothesis: These techniques can be learned in a timely manner and then 
applied to other mouse models for experiments and analysis. 
 
My objective was to test mouse vision via two noninvasive approaches.  Each 
method is routine in the Barlow lab.  I spent the first month of my project 
learning the two techniques and applying them to various mouse models.  
 Aim 2: Determine optimal conditions for light induced vision loss in 
C57BL/6J, ALR/Lj and BALB/c mice strains.  
 
Hypothesis:  All three strains of mice will exhibit a loss of visual function as 
measured by behavior and retinal function as measured by electroretinogram 
(ERG) testing. 
  
Light damage has been previously studied using anatomical methods, which is 
an invasive procedure.  Strain differences have been reported, with C57BL/6J 
being very resistant to light damage and BALB/c being susceptible to light 
damage.  My objective was to see if I could induce light damage using various 
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light regimes and colors and to detect any changes in vision using optomotor 
behavioral testing in the above three mouse strains.     
Literature Review 
Genetics 
 There have been more than 100 genes linked to retinal degeneration 
(Dryja et al., 1990).  These genes are able to have multiple separate mutations 
(Doonan and Cotter, 2004).  The focuses of retinal degeneration research are 
on the genes that have defects in the retina and RPE. 
Age-related Macular Degeneration 
 The causes of AMD are unknown; however, many hypotheses have 
been created and are being tested.  The hypotheses include: reactive oxygen 
species (Winkler et al., 1999; Young, 1988), oxidative damage to proteins 
extracted from the optic nerve head drusen (Crabb et al., 2002), mitochondrial 
dysfunction (Brown, 1999; Brown and Wallace, 1994; Sue et al., 1997; 
Isashiki et al., 1998; Barron et al., 2001; Liang and Godley, 2003), a mutated 
form of complement factor H (CFH) a regulator protein of the inflammatory 
response in diseased cells (Hageman et al., 2005; Edwards et al., 2005; Haines 
et al., 2005; Klein et al., 2005), and metabolic stress in the region.  It appears 
to damage the rods and cones in the macula, where there are mutations in the 
RPE and choriocapillaris (Curcio et al., 2000; Ambati et al., 2003).  Reduced 
foveolar choroidal blood circulation also occurs in the elderly, limiting the 
supply of nutrients to the central retina, causing metabolic stress (Friedman, 
2004; Gurnwald et al., 1998).  Limited nutrient supply may put the macula at 
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risk, and metabolic stress may be a contributing factor in retinal degeneration 
and AMD. 
Anatomy of the Eye 
 
Figure 1.1: The anatomy of the eye: The eye is a complex array of cell 
levels and processes that combine to produce what is considered vision.   
 
The eye contains an optical portion that focuses a visual image onto 
receptor cells and a neural component that transforms the visual image to a 
pattern of graded and action potentials.  The visible spectrum is between 400 
and 700 nm and is the only portion of the electromagnetic spectrum that is 
capable of stimulating the receptors of the eye.  The lens and cornea of the eye 
are the initial optical structures that light must pass through (Wandell, 1995). 
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The cornea plays a large role in focusing light because refraction 
occurs when light passes through the cornea.  The lens, however, can adjust its 
curvature to tune focus while the cornea has a fixed curvature.  The cornea 
consists of five layers: corneal epithelium, Bowman’s layer, corneal stroma, 
posterior limiting membrane, and corneal endothelium.  The cornea must 
remain transparent.  Therefore, no blood vessels are available to transport 
nutrients; rather, tear fluid from the outside, the aqueous humor at the inside, 
and neurotrophins from the nerve fibers diffuse nutrients (Figure 1.1) 
(Wandell, 1995).   
Beneath the cornea is the lens, which is also a transparent layer and is 
a biconvex structure to refract light and help focus it on the retina.  Zonular 
fibers attach the ciliary muscles to the lens to control the curvature of the lens 
by applying tension (Figure 1.1).  This ability to change is called 
accommodation (Hetch, 1987).  The lens is contracted to focus on objects that 
are near, and relaxed to focus on objects that are far.  The shape of the lens 
and, therefore, the direction of the light waves determine how they are 
projected onto the retina.  
Having passed through the lens, the light then reaches the retina, 
which is a thin layer of photoreceptor cells.  The outer region is a stacked 
layer of membranes called discs.  These discs hold the chemical substances, 
which respond to light.  The inner segment consists of a nucleus, 
mitochondria, other organelles, and the synaptic terminal, which connects the 
photoreceptor to the next neurons in the retina (Wandell, 1995). 
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The Retina  
  
 
 
 
 
 
 
 
 
Figure 1.2: Light micrograph through a human retina.  Retina in vertebrates 
are composed of ten distinct layers; inner limiting membrane (Muller cell 
endfeet), nerve fiber layer, ganglion cell layer, inner plexiform layer, inner 
nuclear layer, outer plexiform layer, outer nuclear layer, external limiting 
membrane, photoreceptor layer (rods and cones) and the retina pigment 
epithelium (RPE) (Webvision.med.utah.edu, 2006)). 
 
The outer nuclear layer of the retina is composed of rods and cones, 
followed by the inner layer, which contains bipolar, horizontal and amacrine 
cells, and finally the ganglion cell layer of ganglion cells and displaced 
amacrine cells (Figure 1.2).   
The Outer Segment 
The outer segment (OS) photoreceptor rod cells become depleted and 
ineffective and must be shed for normal retinal function to continue (Sun et 
al., 2006).  The OS is composed of unsaturated lipids, especially 
docosahexaenoic acid (DHA).  This makes the retina extremely sensitive to 
oxidation, which is facilitated by oxygen and the light-rich environment of the 
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retina (Fliesler et al., 1983). A study with rats exposed to intense light in 
intermittent light/dark cycles found that phagosomes are shed from the OS, 
which leads to an increase in RPE (Blanks et al., 1992). The nature of the OS 
phospholipids will oxidize when light-induced and will signal for 
phagocytosis by the RPE (Sun et al., 2006).  Thus, the majority of disc 
shedding occurs in the morning, having a diurnal cycle, and the phagosomes 
are broken down by lysis (Young 1971). 
Photoreceptors 
Rods and cones are the two types of photoreceptors in the retina. In the 
back of the retina, the choroids and pigment epithelium layers prevent blurred 
vision by blocking the light from reflecting back onto the rods and cones.  The 
rods respond to extremely low levels of light, while the cones respond to 
brighter stimulations.  
The photopigments are made up of an opsin and a chromophore.  The 
opsin is a group of primary membrane proteins, which surrounds and binds a 
chromophore molecule. The chromophore molecule is light-sensitive and a 
derivative of vitamin A; it is present in each of the four different types of 
photopigments.  
Phototransduction 
Photoreceptors are depolarized when at rest and hyperpolarized when 
activated by an adequate stimulus.  In the dark, sodium channels remain open 
on the outer segment membrane due to the presence of high concentrations of 
cyclic nucleotides, such as cGMP.  The influx of sodium ions elevates the 
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membrane potential and thereby opens voltage-gated calcium channels in the 
terminal synapse.  The calcium, in turn, causes a steady release of the 
neurotransmitter glutamate.   
Once the eye is stimulated by light, the all-trans retinal in the OS 
photoisomerizes to 11-cis retinal.  The G protein, transducin, is then activated, 
after which cGMP phosphodiester is activated which inactivates cGMP.  
Sodium channels then close and the release of glutamate is inhibited, 
hyperpolarizing the membrane potential.  Once the light stimulus is removed, 
the retinal changes back to its resting shape, which is mediated by enzymes.  
The photoreceptor cell is now partially depolarized and neurotransmitter is 
again being released (Stryer, 1991; Yau, 1994, and Kawamura, 1995). 
Photopic and Scotopic Vision 
  The luminous flux measures the power at each wavelength with the 
luminosity function.  Photometric units are a derivative of radiometric units, 
which can be defined with respect to direction and surface.  Photometric units 
use the photopic or scotopic luminous efficiency function (Graham, 1965). 
 Cone photoreceptors are responsible for photopic vision.  Cones 
provide color vision and the ability to see very fine changes in wavelength.  
Rod photoreceptors mediate scotopic vision.  Scotopic vision is considered 
monochromatic because it has a single spectral sensitivity function.  In both 
photopic and scotopic vision, the signals by which the information is 
transmitted require individual ganglion cells, each having very different 
characteristics. A “mesopic” visual environment allows both mechanisms to 
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be working at the same time due to intermediate levels of ambient 
illumination (Sterling, 1988).  Dark adaptation is the basis of the Duplicity 
Theory, which states that above light intensities of about 0.03 cd/m
2
 the cone 
photoreceptors mediate vision (Pirenne, 1962). 
 A photoreceptor cell has the power to adapt to environmental light, not 
just the ability to detect light.  The cone photoreceptors themselves have the 
capacity to see a shift of light intensity from 7-9 log units (Normann et al., 
1991).  When accounting for the visual system in its entirety, as much as 5 log 
units of background intensity adaptation is possible in rod-dominant vision 
(Yau, 1994).  
Rod and Cone Responses to Adaptation 
 The inputs to horizontal cells are important in characterizing the 
function of rods and cones during adaptation to light and dark.  When retinas 
are light-adapted the rods become saturated and no longer “work.” During this 
time, the cones work and create photoresponses.  Conversely, throughout dark 
adaptation, the rods function while the cones do not.  These responses can be 
seen in the B-type horizontal cell axon terminals where the rod 
photoresponses are eliminated (Nelson, 1977). 
Photopigment Bleaching 
 Photopigment bleaching is an important factor in determining how 
quickly dark adaptation can occur.  A measurement of the amount of 
photopigment bleaching can be taken using retinal densitometry, which is the 
amount of light reflected from the fundus of the eye.  It has been shown that 
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the amount of time needed for dark adaptation and rhodopsin regeneration is 
the same.  Bleaching rhodopsin of rods by 50% raises threshold by 10 log 
units; bleaching rhodopsin of cones by 50% raises threshold by 1.5 log units 
(Cornsweet, 1970). Therefore, bleaching of cone photopigments has been 
shown to have a smaller effect on cone threshold than on rod threshold. 
Environmental Factors of Vision Loss 
 There are many factors in the environment that can affect vision. Light 
exposure is one factor that can cause degeneration (Noell et al., 1971; Reme et 
al., 1995).  Light exposure during the circadian cycle will cause damage 
depending on the length of exposure.  It can be concluded, then, that 
metabolic activity in the retina is crucial to vision (Vaugh et al., 2002).  Light 
damage in rats has been studied extensively by Organisciak et al. (2003).  
They found light damage to be enhanced by hyperthermic conditions, dark 
rearing, intermittent exposure to light stress, time of exposure, Vitamin A 
deficiency in the diet, and pigment status.  Additionally, a mouse’s genetic 
makeup can have a large impact on its light damage susceptibility.  The strain 
of mice C57BL/6J (used in one of my experiments) has a sequence variation 
in the RPE65 gene, which causes a Leu450Met amino acid substitution.  This 
change in the gene mutation increases the mice’s resistance against acute light 
damage and reduces the photoreceptor loss with age. This is a result of the 
reduced ability to produce 11-cis retinal (Danciger et al., 2000); (Figure 1.3). 
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Mechanisms of Vision Loss 
  
 
 
 
 
 
 
 
 
Figure 1.3: Light-induced activation of rhodopsin and inherited retinal 
degenerations lead to a downstream signaling of events in the 
phototransduction of photoreceptor death by way of apoptosis (Hao et al., 
2002) to clearance of cellular remnants (Wenzel et al., 2005).   Two pathways 
of light degeneration have been found.  One involves using a bright light 
stimulus and the other a low light stimulus. 
 
Pathway 1 is an independent phototransduction pathway. Light 
induced damage occurs as a result of bleached rhodopsin, regeneration rate, 
the production of retinoid metabolites and other toxic byproducts.  Pathway 2 
is a phototransduction dependent pathway. Here the phototransducers have a 
high signaling rate because of extensive rhodopsin activation (Hao et al., 
2002).  The bright light causes acute damage by rhodopsin bleaching, and 
continuous exposure to moderate light intensity involves phototransduction 
(Wenzel et al., 2005). 
 
QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.
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11-cis retinal 
Light damage in RPE65-deficient mice can only occur when the retina 
is supplied with 11-cis retinal, the chromophore of rod and cone opsin 
(Grimm et al., 2000). When retinal pigment epithelial protein RPE65 is not 
present the visual cycle is blocked; there is no 11-cis retinal produced, and 
therefore no measurable rhodopsin (Redmond et al., 1998). Since 11-cis 
retinal is not present in RPE65 mutant mice, the photoreceptors are resistant to 
light damage.  Also, rhodopsin regeneration is important in determining light 
exposure damage susceptibility (Wenzel et al., 2005). 
Phase I Transduction: Calcium and Mitochondria 
 Intracellular calcium levels are involved in neuronal cell death when 
they are elevated.  During light exposure, the intracellular calcium levels 
increase in the retina (Donovan et al., 2001).  The rise in calcium may be due 
to activation of nitric oxide synthase, which produces nitric oxide (NO).  
Guanylate cyclase is then activated and cGMP production is increased 
allowing the gated ion channels in the photoreceptor outer segment to open 
(Donovan et al., 2001). Also, the mitochondria rod inner segments are 
swelling (Wenzel et al., 2000) and their membrane potentials are depolarizing 
(Donovan et al., 2001).   
Phase II Transduction: Activator Protein 1 
 The Activator Protein (AP-1) is a transcription factor that consists 
mainly of c-Fos and c-Jun and has been shown to be upregulated by exposure 
to damaging white light (Grimm et al., 2000). In wild-type animals, the AP-1 
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binding in the DNA increases in activity during light exposure and reaches a 
peak 6-12 hours after the exposure (Hafezi et al., 1999; Wenzel et al., 2000). 
In particular, wild type c-fos -/- mice are highly resistant to light damage 
(Hafezi et al., 1997). When exposed to light, c-fos deficient mice show no 
induction of AP-1 DNA binding. There is no other AP-1 protein that can 
substitute for the lack of c-fos (Wenzel et al., 2000).  In another case, when 
JunAA and Fra-1 proteins were impaired the apoptosis was greater than in the 
wild-type animals (Grimm et al., 2001; Wenzel et al., 2002).  These findings 
put into question the role of AP-1.  It could be that AP-1 activation of pro-
apoptotic target genes, the silencing of genes, is essential for survival, or it 
might exert its effect via transcription factor crosstalk (Karin et al., 2001). 
 The RPE65 450M-variant-expressing mice were also c-fos-deficient 
showed no light damage even when high intensities were used for prolonged 
periods of exposure (Wenzel et al., 2000).  When RPE65 450L, c-fos-deficient 
mice were used, the visual cycle was accelerated and the photoreceptors 
showed light-induced apoptosis.  They also showed increased AP-1 DNA 
binding activity with strong contribution of Fra2 and FosB. Therefore, 
photoreceptor apoptosis induced by acute exposure to high light intensities 
depends on the activation of AP-1 (Wenzel et al., 2003). 
Termination Phase: DNA Fragmentation, Cell Disintegration and 
Clearance 
 Apoptotic cell death is programmed cell death in which DNA is 
degraded by internucleosomal DNA cleavage.  The analysis of 
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internucleosomal DNA cleavage using the DNA ladder shows that on a 
cleavage peaks between 30 and 36 hours after exposure.  The TUNEL staining 
method has shown two peaks of DNA nicking at 6 and 36 hours after 
exposure for 4-5 hours of high-intensity (18,000 lux) white light (Gordon et 
al., 2002; Cortina et al., 2003).  Approximately one day following light 
exposure, terminal disintegration of nuclei and other organelles occurs. 
Maximum nuclear decay occurs 2 to 3 days following light exposure (Gordon 
et al., 2002). At this time, macrophages invade the retina to help the RPE in 
phagocytosing photoreceptor debris (Hoppeler et al., 1998; Gordon et al., 
2002). 
Variations in Mice Strains 
 Two of the strains in my study have had previous analysis of light-
induced stress (Figure 1.4).  The C57BL/6J, a pigmented strain, has shown 
marked resistance to light damage.  It has been shown that their resistance is 
due in part to an amino acid substitution of methionine (met450) variant on 
the RPE65 (C to A codon), which slows the rate of rhodopsin regeneration 
(Redmon et al., 1998).  The BALB/c strain has the leucine at codon 450 in 
RPE65, leading to greater retinal degeneration (Wenzel et al., 2001). 
In another study, Bravo-Nuevo et al. (2004) showed through ERGs 
and TUNEL staining that the BALB/cJ strain was less resistant to light than 
the C57BL/6J strain, and the C57BL/6-c2J strain was even less resistant. 
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Figure 1.4: Anatomy of mice eyes after light stress. It has been shown that in 
the BALB/c strain after 20 minutes of light exposure the eye shows dramatic 
reductions in the ONL (line 1).  The C57BL/6J however, does not show 
degeneration for 8 hours (line 5) (Wenzel et al., 2001). 
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Background and Theory of Methods 
Psychophysics 
 Psychophysics is concerned with the relationship between physical 
stimuli and the sensory response.  Literally psycho- means perception, and 
physics refers to the physical nature of the stimulus.  It is an extremely 
important method for assessing vision in a noninvasive way (Geischeider, 
1997). 
 When the degree of the stimulus presented to the animal is based upon 
previous performance, the method is considered adaptive.  The forced choice 
tracking method involves forcing a choice before the next stimulus is 
presented.  A simple staircase procedure involves decreasing the stimulus 
intensity when the subject correctly responds twice consecutively.  If the 
subject gives an incorrect response, a step up in intensity is taken.  Threshold 
is reached when a certain percentage correct, based on the tester’s protocol, is 
reached (Schwartz, 1999). 
 An important element to consider when creating the experiments is the 
size of the steps.  Steps that are too small in size will be time-consuming, and 
sometimes it is difficult to find the threshold.  As well, steps that are too large 
are likely to miss the threshold range.  Optomotor Testing apparatus and 
procedure tests both acuity and contrast. 
Visual Acuity 
 Visual acuity is the spatial resolving capacity of the visual system 
(Smith and Atchinson, 1997).  Under photopic conditions, in humans the high 
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density of cones at the fovea mediates visual acuity.  In the primate retina, the 
AII amacrine cell, which is an interneuron, appears to limit the resolution in 
scotopic conditions (Kolb, et al, 1992; Wassle et al, 1995).  According to 
Mills and Massey, for primate vision the highest level of acuity is achieved 
when the eye is adapted to the same or lower luminance of the acuity test.  For 
luminances of 34 cd/m
2
 to 34,000 cd/m
2
 the same luminance is needed, while 
in lower luminance tests, under 34 cd/m
2
, the eye should be adapted to a lower 
luminance than the test. 
Contrast Sensitivity 
 To test for contrast sensitivity, a grating pattern is used because 
gratings can be adjusted to any size.  The contrast of the grating is defined by 
the differential intensity threshold of a grating: C = (Lmax – Lmin)/(Lmax + Lmin), 
C can have a value between 0.0 and 1.0 and is sometimes seen as a percentage 
(0%-100%).  C is called the modulation, Raleigh or Michelson contrast. 
During testing, it is important that the average luminance of the screen 
remains constant and that the contrast gratings vary in a sinusoidal manner 
(Lamming, 1991).   
 Contrast testing shows a band-pass function when conducted under 
photopic conditions and using a sinusoidal grating.  The peak of the function 
is at the mid-spatial range, with resolution having a maximum under high-
contrast conditions. There are many factors affecting the contrast sensitivity 
function. These consist of the mean luminance of grating; whether luminance 
profiles are sinusoidal or square waveforms; the level of defocus; and the 
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clarity of the optics of the eye.  According to van Ness and Bouman (1967), 
for the human eye, at low light levels maximum contrast sensitivity is ~8% 
with resolution at ~6 cycles/degree.  Increasing the mean level of light, the 
contrast becomes ~0.5% and the spatial frequency is cut off at 50 to 60 c/d.   
Electroretinogram (ERG) 
 The electroretinogram (ERG) is the potential change that is related to 
electrical activity induced by light stimulation within the retina (Figure 1.5) 
(Armington, 1974).  Generally, when retinal function degenerates, the 
electrical activity associated with light stimulation also is reduced.   
 
 
Figure 1.5: The extracellular currents that form following light stimulation.  Current 
A shows local currents within the retina, and current B shows the currents leaving 
the retina through the vitreous and cornea through the choroids and the pigment 
epithelium.  ERG recording in humans is done along the B path  (Rodieck, 1973). 
 
 
 
Three waves are recorded during the ERG: the a-, b-, and c-waves.  
The a-wave can be divided into two components, a fast and a slow part 
(Murakami and Kaneko, 1966; Sillman et al., 1969a).  A rat retinal differential 
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recording taken with two microelectrodes indicates that the a-wave resultant is 
from the extracellular radial current.  It captures the reduction of “dark” 
currents due to light absorption in the photoreceptor outer segments, and 
closure of cGMP-gated cationic channels (Penn and Hagins, 1969; Sillman et 
al., 1969b), representing the fast component of the a-wave.  The slow part of 
the a-wave cannot be identified in a regular ERG recording.  Separating the 
retina from the pigment epithelium and exposing the retina to drugs like 
aspartic acid allow the slow component of the a-wave to be isolated.  The 
concentration of potassium ions in the photoreceptor layer and the trans-
membrane potential of the Müller cells reduce, composing the slow 
component of the ERG a-wave (Witkovsky et al., 1975). 
 The origin of the b-wave is not quite clear.  However, it is related to 
the light-induced electrical activity of the retina in the cells post-synaptic to 
photoreceptors.  Off-center bipolar cells and activity in third order amacrine 
and ganglion cells also affect the b-wave (Sieving et al., 1994). 
 The b-wave grows in amplitude and kinetics as the light stimulus is 
increased from very low to very intense.  When the stimulus increases in 
intensity, the a-wave appears and increases in amplitude.  As well, with the 
brightest flash, oscillatory potentials are seen on the rising phase of the b-
wave (Sieving et al., 1994). 
 The c-wave of the ERG is known to originate in the pigment 
epithelium (Noell, 1954).  When direct intracellular recordings were taken 
from the pigment epithelial cells, they match the kinetics seen on the ERG c-
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wave (Steinberg et al., 1970).  Other tests show that isolating the retina from 
the sclera and the pigment epithelium results in normal a- and b-waves but no 
c-wave (Pepperberg et al., 1978).  Photoreceptors must be present for the c-
wave to occur.   
Since, the ERG components have known origins, the ERG is a useful 
tool to assess the functionality of the photoreceptors, the pigment epithelial 
cells and the interactions between them. 
Significance 
 This project is the first to use psychophysics to examine light damage 
in mice.  Behavior testing is a noninvasive procedure to test visual function, 
and is a breakthrough in the field.  ERGs confirm the behavior testing in 
another noninvasive way and provide more information about the 
functionality of the retina. 
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Chapter 2: Methods and Materials 
 
Rationale 
 
There are many reasons why mice are conducive to research testing.  
Mice are ideal for many experiments because most of their genome sequence 
is known and they have easily manipulated genes.  The sequencing of the 
mouse genome and human genome reveals that 90.2% of the human genome 
and 93.3% of the mouse genome lie in conserved syntenic segments 
(Waterstone et al., 2002).  Also, mouse colonies have many advantages such 
as: small size, availability, short lifespan, and frequent reproduction.  
Three different strains of mice were used in my experiments: 
C57BL/6J, ALR/Lj, and BALB/c. The C57BL/6J mice are thought to be 
relatively resistant to light stress.  As well, behavioral (acuity and contrast), 
ERG and anatomical studies have previously been completed on this strain in 
the Barlow lab.  The ALR/Lj strain was tested because it was believed that 
they would degenerate when exposed to bright light. This is due to the fact 
that they are an albino strain, a condition known to increase susceptibly to 
light damage.  The BALB/c strain was used because many papers have 
already shown anatomical changes due to light stress. It is also one of the 
most susceptible strains to light stress.  
The C57BL/6J strain that were tested in my study were ~10-months-
old.  C57BL/6J mice at this age have normal vision.  The ALR/Lj and 
BALB/c albino strains were ~3-months-old, an age at which albino mice 
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should not exhibit any age-related degeneration of vision.  These albino 
strains’ vision will degenerate as they age. 
Animal Care  
The mice were raised on a 14:10-hour light/dark cycle.  They were fed 
Formulab Diet ad libitum.  
Extreme Light Exposure Setup 
  
 
 
 
 
 
Figure 2.1: Light Chamber used to induce stress on the mice. 
 
The chamber uses 6 circular florescent light bulbs surrounding a 
Plexiglas tube (Figure 2.1); the light intensity for white light in the tube is 
approximately 25,000 lux.  The intensity for blue light in the tube is 
approximately 400 lux.  Within the tube is a Plexiglas divider with holes in it 
to separate the mice.  Wire mesh is at each end of the light chamber, a fan, and 
a water bottle are placed; food is placed on the wire mesh floor of the 
apparatus within the tube.   
 The test results from the acuity and contrast behavioral tests were 
analyzed using the GraphPad Prism program.  A one-way ANOVA 
QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.
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nonparametric statistical analysis determined the significance of results.  The 
maximum, minimum, mean, standard deviation and standard error were all 
calculated and analyzed. 
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Light Exposure Regimes/Experimental Design: 
Continuous Blue Light Exposure 
The C57BL/6J strain (n=2) was exposed to intense blue light for 7 
consecutive days.  The experiment was started at 1:15pm on 9/22/06 and 
ended at 12:15pm on 9/29/06.  They were not light-adapted and their pupils 
were not dilated because the period of exposure was so long.  The mice were 
placed on separate sides of the chamber and positions alternated every 24-
hours.  Behavior tests were performed daily, which involved removing the 
mice from the light chamber for approximately 15 minutes.  Mice were also 
tested 3 days following light exposure.  One week later, mice were dark-
adapted and their rod vision was tested using 7 neutrodensity filters.  ERGs 
were also performed on them 1 week following light exposure.   
The second strain of mice tested was the ALR/Lj albino strain.  They 
were exposed to blue light for 48 hours (n=2).  The experiment started at 
12:07pm on 10/11/06 and ended at 12:00pm on 10/12/06.  They were light-
adapted and their pupils were not dilated because of the length of exposure.  
They spent equal amounts of time on each side of the chamber.  Their acuity 
and contrast were tested directly following exposure and 5 days after 
exposure.  They also had ERGs performed on them one week following light 
exposure.   
 The third strain of mice tested was the BALB/c albino strain. They 
were exposed to 24 hours of blue light (n=2).  The mice were dark-adapted 
and their pupils were dilated with 1% tropicamide because the experiment was 
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relatively short.  The experiment began at 10:21am on 10/30/06 and ended at 
12pm on 10/31/06.  They were behaviorally tested after 3 days and ERGs 
performed after 1 week.  They were also dark adapted and tested for contrast 
in rod vision using 7 neutrodensity filters after 9 days.   
Intermittent White Light Exposure 
The second experiment involved only the BALB/c strain of mice. 
BALB/c mice have been previously shown changes in retinal anatomy quickly 
following bright light exposure.  The light treatment used was intermittent 
white light (n=2).  The mice were placed in the light chamber on 11/6/06 and 
the experiment began at midnight.  The mice were dark-adapted, and their 
pupils were not dilated.  The light was on for 15 minutes followed by a period 
of 3 hours and 45 minutes of darkness.  This was done for 24 hours, giving 6 
periods of exposure.  The acuity and contrast were tested 3 days following 
light exposure, as well as ERGs performed after one week. 
Intermittent Blue Light Exposure   
The third experiment used only the BALB/c strain (n=2).  The same 
protocol as the intermittent white light exposure was used; however, blue light 
was substituted.  The experiment began on 11/11/06 at midnight.  The acuity 
and contrast were tested after 3 days, as well as ERGs performed after one 
week. 
 29 
Methods for Assessing Mouse Vision:  
Behavioral Method 
A two-alternative forced choice (2AFC) method of testing was used to 
measure visual acuity and contrast sensitivity (Umino et al., 2005).  This 
method was chosen because it can be used on mice of all ages.  Optomotor 
responses are the reflexes that occur in mice when stimulated by a moving 
screen.  Prusky et al. (2004) developed a computer-controlled technique called 
OptoMotry, using mouse optomotor responses (Figure2.2).  Behavior 
responses were recorded prior to light exposure (Baseline) for each strain to 
serve as a control. 
The acuity was tested at 100% contrast, with the spatial frequency 
increasing or decreasing based on the observer’s answers; the drift speed of 
the rotating grating was 12d/s.  The contrast was tested at a spatial frequency 
of 0.128 for cone/photopic vision and 0.031 for rod/scotopic vision, at a speed 
of 12d/s.  
The technique has been modified to a “double blind” behavioral 
protocol.  This is to limit observer bias when analyzing the mice.  The 
observer is “blind” to the visual stimulus (pattern rotation, clockwise or 
counterclockwise) and the history of the animal being tested.  The observer 
then chooses a direction based on the animal’s reflexive optomotor head 
movements.  The computer changes spatial frequency and/or contrast using a 
staircase paradigm, which converges on a threshold of 70% correct responses 
by the observer (Umino et al., 2005).   
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Figure 2.2: Set up of behavior testing chamber: The mouse is put on a 
pedestal that is surrounded by 4 computer screens (top).  Observer views only 
the mouse from their computer screen via a video camera (bottom).  The 
camera is connected to the computer program, which stimulates the mouse for 
5 seconds using a sinusoidal grating.  The luminance of the monitors is a 
minimum of 0.4 cd/m2 and a maximum of 155 cd/m2. 
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Electroretinogram (ERG) 
 The mice were tested using the ERG method to determine the changes 
in retinal function.  The mice were dark-adapted overnight and anesthetized 
with Nembutal.  One eye was dilated with Tropicamide (1%) and placed on a 
heating blanket (37
o
 C).  The body temperature was monitored using a rectal 
probe.  Corneal moisture was maintained using artificial tears (Nusinowitz et 
al., 2001).  ERGs were evoked by brief (1-10ms) flashes from high intensity 
LEDs (520nm, Luxeon III, Future Electronics), and were amplified (Model 
P15, Grass Instr; 100Xgain; 0.1-1000Hz), digitized at 5000Hz (Digital 320 
A/D Converter, Axon Instr.) and analyzed by pClamp 9.0 Software (Axon 
Instr.). Light intensities were controlled electronically by an LED Driver 
(Fourward technologies, Inc) under PC control.  Estimates of 
photoisomerizations/rod/flash were based on photometric measurements and 
computations following Lubarsky and Pugh (1996).   
 Rod-mediated ERGs were recorded in response to single flashes 
allowing sufficient time between flashes for full recovery of sensitivity.  
Flashes were repeated to achieve a satisfactory signal to noise ratio. 
 The b-wave amplitude (trough of a-wave to the apex of b-wave) and 
implicit time are determined (time to apex of b-wave) to a range of intensities 
that evoked b-waves generated primarily by rod bipolar cells (Lyubarsky et 
al., 1999).  Higher intensities were used to evoke b-waves generated by rods 
and cones.  Retinal sensitivity is defined as the light intensity necessary to 
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evoke a 50µV b-wave. The a-wave is measured to the trough of the initial 
ERG; the a-wave provides a measure of rod photoreceptor current. 
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Chapter 3: Results 
 
BALB/c Mouse Strain 
The data collected for the BALB/c strain show statistically significant 
differences in acuity and contrast when both blue and white light are given 
intermittently.  For acuity tests, the white light given intermittently (white x 6) 
had the most significant effect. 
A statistical significance was found for White x 6 and Blue x 6 vs. 
Baseline and White x 6 vs. Blue Light with a value of P<0.001. There was 
also a statistical difference between White x 6 vs. Blue x 6 with a value of 
P<0.01. 
 
Acuity - 24 Hour Tests
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Figure 3.5: Results of the acuity test after 24 hours of light treatment on 
BALB/c mice show White x 6 with the most significant changes. More testing 
still needs to be done to decrease standard error. 
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 Table 1: Summary of Acuity Tests done on BALB/c mice. White x 6 had 
the lowest minimum, maximum, mean and were very consistent with a low 
standard deviation. 
Acuity Baseline Blue Light Blue x 6 
White x 
6 
Minimum 0.23 0.21 0.01 0.01 
Maximum 0.64 0.59 0.60 0.26 
Mean 0.37 0.32 0.25 0.11 
Standard 
Deviation 0.09 0.11 0.19 0.09 
n= 51 12 17 16 
 
 
The contrast tests show a significant difference in the intermittent Blue 
(Blue x 6) and White (White x 6) light.  There are very large ranges in all tests 
completed, indicating that more testing needs to be done. 
The only statistical significance found for the contrast tests were White 
x 6 and Blue x 6 vs. Baseline have a value of P<0.001. 
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Figure 3.6: Result of contrast test done on BALB/c mice after 24 hours of light 
treatment.   The values measured at low luminance (green and blue bars) are 
not statistically different. 
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Table 2: Summary of contrast sensitivity testing done for BALB/c mice strain.  
The Blue x 6 and White x 6 have the highest maximum, minimum and mean for 
cone vision.  The standard deviation for Blue light cone vision is the highest, 
followed by the tests done for rod vision.  There is no statistically significant 
difference between the rod tests.  
 
 
 
C57BL/6J Mouse Strain 
The data collected from the C57BL/6J mice strain did not show any 
significant differences (P>0.05) in the acuity or contrast tests before and after 
7 days of light treatment.   
Acuity C57BL/6J - 7 Days Blue Light
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Figure 3.1: C57BL/6J mice show no significant change in acuity following 7 
days of continuous blue light. 
 
Contrast 
Baseline 
(cone) 
Blue 
(cone) 
Blue x 
6 
White 
x 6 
Baseline 
(rod) 
Blue 
(rod) 
Minimum 12 13 51 39 53 53 
Maximum 91 99 98 100 96 99 
Mean 53 70 91 89 76 87 
Standard 
Deviation +/-19 +/-28 +/-11 +/-17 +/-22 +/-18 
n= 54 17 16 16 3 6 
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Figure 3.2: The contrast tests also show no significant changes after 7 days of 
blue light treatment. 
 
Because I saw no change in acuity or contrast sensitivity I decided to 
test an albino strain, ALR/Lj, that past studies by others indicate are more 
susceptible to light stress (Bravo-Nuevo et al., 2004). 
ALR/Lj Mouse Strain 
 The ALR/Lj mice were exposed to 48 hours of continuous blue light 
and showed no statistically significant differences (P>0.05) in the acuity and 
contrast that were tested.  The standard error calculated was relatively large on 
all tests, indicating the need for more testing to be done on the mice.  
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Figure 3.3: The acuity tests of the ALR/Lj 48 hour continuous light treatment 
show no statistically significant difference between the tests. 
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Figure 3.4: The ALR/Lj strain after 48 hours of continuous light treatment.  
The contrast tests show no significant difference.  Even though the difference 
between the means seems to be large, the error and range are also very large, 
implying that more testing needs to be completed to verify the results. 
 
Given that no statistically significant changes were seen in acuity or 
contrast, I chose to test a strain that had previously shown changes in light 
stress experiments. 
ERG Results 
 
  The results from the ERG recordings confirm the data collected from 
the Optomotry Behavior testing.  There was no difference in the C57BL/6J 
and ALR/Lj strains’ ERG recordings maximum amplitudes.  However, in the 
BALB/c strain there was a significant difference in maximum amplitudes in 
the Blue x 6 and White x 6 treated mice.   
Table 3: The baseline data recorded for the BALB/c mice strain.  
Untreated 
log 50µV b-
wave threshold Maximum 
Mean -4.0 841 
Standard 
Deviation +/-0.1 +/-185 
n= 3 3 
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Table 4: The ERG data recorded after 24-hours of intermittent white light 
(White x 6) for the BALB/c mice strain. 
White x 6 
log 50µV b-wave 
threshold 
Maximum 
b-wave 
(µV) 
Mean -3.6 159 
Standard 
Deviation +/-0.3 +/-103 
n= 2 2 
 
 The ERG data shows that the White x 6 treated mice have a 
significantly lower maximum b-wave amplitude than untreated BALB/c mice 
(P<0.02).  50 µV b-wave threshold values are not significantly different 
(P>0.05). 
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Chapter 4: Discussion 
 
 
Aim 1: Learn two noninvasive techniques for assessing mouse vision; 
Optomotor Behavior and electroretinograms (ERG). 
 
 Aim 1 was completed through one month of training.  I tested mice 
that had previously been tested to verify my accuracy of the methods.   
Aim 2: Determine optimal conditions for light induced vision loss in 
C57BL/6J, ALR/Lj and BALB/c mice strains. 
 
 Aim 2 was completed by exposing each mouse strain to various testing 
regimes.  This is the first known example of behavioral detection of the effects 
of extreme light damage on mice.  This is extremely important because it is a 
noninvasive way to test the mice and test how well the mice can see.  The 
optimal conditions found for reduction of visual function via light damage: 
White x 6 followed by Blue x 6 light treatments for BALB/c mice. 
 
C57BL/6J Mouse Strain 
 
The results of the C57BL/6J strain experiment showed no statistically 
significant difference for the acuity, contrast and ERG testing done. This 
absence of detectable behavioral changes was not surprising, considering 
previous anatomical studies. 
There are many possible reasons this could occur.  One of these factors 
is most likely due to the amino acid substitution on the RPE65 gene.  The 
photoreceptors do not degenerate because their visual cycle is severely 
impaired, so they cannot be bleached and damaged multiple times in the 
exposure period.   
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Longer exposure, intermittent light or a more intense light source may 
have an effect on their vision.  As well, behavior testing has not been done on 
this strain following light stress, so it is possible that there is some anatomical 
degeneration but no behavioral change.  
ALR/Lj Mouse Strain 
 The experiment involving the ALR/Lj strain showed no statistically 
significant differences in acuity, contrast and ERG testing after the light 
treatment.  This strain of mice has not been tested behaviorally before or been 
used in light stress experiments.  The mice had relatively low acuity before the 
exposure, which could lead to no significant change after the exposure if their 
vision is already compromised.  The contrast increased slightly, but not 
enough to conclusively show blindness. 
BALB/c Mouse Strain  
The first experiment performed on the BALB/c strain did not show 
statistical differences in acuity and contrast.  Exposing mice to continuous 
blue light for a prolonged period of time (24 hours) does not harm vision in a 
manner that can be tested behaviorally.  This absence of change was 
surprising because previous studies show that, anatomically, the retina is 
degenerating.   
 We were able to show through behavior testing statistically significant 
differences when the light began at midnight and was intermittent (white x 6 
and blue x 6).  The acuity tests were lower for white light and about equal for 
contrast.  The reasons for these results are not completely understood. 
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The white light was a more intense light source and could have led to 
more damage to the retina.  It was initially thought that because blue light has 
a shorter wavelength, it would damage the retina more.  
Beginning the light at midnight had a greater impact than starting in 
the afternoon.  It is possible that by interrupting the mices’ circadian cycles 
with intermittent light at a time that is normally dark, the photoreceptors are 
bleached.  Therefore, the retina would be damaged, hampering the mouse’s 
ability to see.   
Problems Encountered 
 As with most scientific experiments, problems were encountered.  One 
of the biggest problems with the experiments was uncooperative mice.  Since 
behavior testing requires the mice to remain on the pedestal and follow the 
pattern with their body, mice must cooperate for successful experiments.  
Occasionally, experiments had to be halted for the day if the mice were too 
jumpy.  This could occur if their cage had not been changed, if it was late in 
the morning, or due to other factors that we are unaware of.   
 Other problems were encountered when the mice were ear-punched to 
identify them and during the ERG testing.  Both of these required the mice to 
be anesthetized, during which two mice died.   
Future Studies 
 To verify the results of all the experiments, more testing of acuity, 
contrast and ERGs should be completed.  This includes both before testing 
and after light treatment testing.  
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In particular, the BALB/c strain should have more light exposure 
conditions tested.  They should be tested beginning continuous light treatment 
for 24 hours at midnight to see if this is a factor in blinding them; this should 
be done for both white and blue light.  Another test should include 24-hour 
intermittent light, beginning in the afternoon.  These tests would lead to more 
information about the pathways of retinal degeneration. 
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